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1. INTRODUCTION 

The in the last decades, solar photovoltaic (PV) energy becomes the best alternative for water 
pumping systems because it produces clean energy [1], they are available in the rural or isolated areas [2] and 
the maintenance cost is reduced two to four times less than the diesel pumping systems [3]. Incremental 
conductance (IC) and hill climbing (HC) and are the most employed techniques for MPPT, due to their less 
complexity and good tracking accuracy [4]. However, those algorithms with fixed step size suffer from slow 
convergence speed, significant steady-state error and high oscillation amplitude [5]. Therefore, other faster 
and more efficient MPPT techniques were introduced in the literature such as fuzzy logic-MPPT (FL-MPPT) 
[6], artificial neural network based-maximum power point tracking (ANN-MPPT) [7] and others were 
proposed in the literature [8]. 

The three-level boost converter (TLBC) offers useful features for high power applications 
comparing to the two-level boost converter such as reducing switching losses, reduced inductor size [9], [10], 
the voltage stress applied to the power devices is less and the output capacitors are smaller [11]. 
Nevertheless, the capacitor voltages should be balanced. Various techniques were introduced in the literature 
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to resolve this problem. In [12], [13] a phase delay and a PI controller are used for the voltage balance. Paper 
[14] introduced a model predictive control to achieve the voltage balance through the minimization of the 
cost function. 

Solar pumping systems based on induction motors (IM) are widespread in the agriculture sector 
because the IM is simple, more efficient, low cost and robust [15]. From the control point view, the control of 
the speed and flux is very complicated because the asynchronous motor model is non-linear and the flux is 
not always measurable [16]. One of the most common techniques to drive the asynchronous motor is field- 
oriented control (FOC), which is discovered by Blaschke [17], [18]. However, the FOC method is highly 
influenced by internal parameters variation of the engine and external load disturbances [19]. To get rid of 
FOC problems many non-linear control methods have been introduced such as input-output linearization 
(IOL), sliding mode control (SMC), and non-linear predictive control (NPC) [20]. The NPC has received 
particular attention due to its capacity to eliminate the weaknesses of the FOC [21]. The NPC task is to track 
the reference trajectories of flux and speed. This achieved through the calculation of the optimal control 
vector which minimizes the predicted tracking errors [22]. 

This work suggests an effective control scheme for a PV pumping system based on a TLBC, where 
an improved IC algorithm based on a FLC is developed to mitigate the drawbacks of the conventional IC. In 
order to benefit from the advantages of the TLBC a phase shift technique is implemented for the voltage 
balance. On the other hand, another FLC is suggested for DC-link voltage regulation to guarantee a correct 
operation of the DC-AC converter. The cascaded NPC is applied to control the IM because it resists to 
internal and external disturbances effectively. Finally, a series of simulations are done to confirm the 
effectiveness of the developed controllers. In the conclusion part, the main contribution of this article is 
explained, followed by a general conclusion with some perspectives for future works. 


2. CIRCUIT CONFIGURATION 

The boost converter in pumping systems plays two important roles [23], ensuring the maximum 
power tracking under normal or shading conditions [24], and increasing the voltage in the DC-bus to meet the 
recommended voltage. In this work, the boost converter is replaced with the three-level boost converter to 
benefit from the salient features of the TLBC in pumping systems. The studied topology presented in 
Figure 1 consists of a photovoltaic source, a TLBC responsible for tracking the maximum power, a voltage 
source inverter that controls an asynchronous motor (AM) and a centrifugal pump. 
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Figure 1. PV water pumping system based on TLBC 





3. CONTROL STRATEGY 

The developed control strategies for the water pumping system are: Control of the TLBC for MPPT 
and for the voltages balance and controlling the three-phase inverter to drive the induction motor under 
different environmental conditions. 


3.1. Control of the three-level boost converter 


The control scheme of the TLBC aims to: Extraction of the maximum power from the PV array with 
a variable step size IC algorithm. Balancing the voltages VC1 and VC2 with the phase shift method. 
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3.1.1. Fuzzy logic and incremental inductance algorithm 

The traditional IC method is inspired from perturb and observe algorithm, where the slope of Power- 
Voltage characteristic is null (dPpv/dVpv=0) at the MPP [4], which is equivalent to (dIpy/dV py + Ipv/Vpv=0). In 
other words, the IC algorithm consists of comparing the dynamic conductance dIp,/dV py with the ratio Ipv/Vpy. 
The flowchart of the IC technique is represented in Figure 2. 
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Figure 2. The enhanced IC technique for the MPPT 


The classical IC technique works typically with constant step size, but the non-judicious choice of 
the step size might decrease the efficiency of the PV system. The choice of a big step size accelerates the 
power tracking under fast changes of the weather, while the power fluctuations increase in steady-state. 
Conversely, a small chosen step size reduces the amplitude of power oscillations when the insolation is 
almost fixed, but the IC algorithm converges slowly to the optimal MPP. In order to overcome the drawbacks 
relative to the classical IC, an FLC based on the incremental conductance principle is developed to generate a 
variable incremental duty ratio AD(k), in which the step-size AD(k) varies proportionally to the absolute error 
lercl (given in (1)) and the previous value of the incremented duty cycle AD(k-1), respectively. Afterward, the 
generated step size is sent to the conventional IC algorithm to search the MPP, as depicted in Figure 2. The 
optimal step size is computed with the Takagi-Sugeno type FLC. The absolute error lerc! and the previous 
incremented duty ratio AD(k-1) are the two inputs of the fuzzy estimator, respectively. The fuzzy estimator is 
constituted with 25 rules presented in Table 1. Moreover, the membership functions Figure 3 of the inputs 
and the output are described with the following labels: P++, P+, P, P-, P--. Where P indicates a positive input 
or output, and +/- signs indicate the degree of positivity. 
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Figure 3. The membership functions, (a) The absolute error (lercl), (b) The previous step size (AD(k-1)), 
(c) The incremented duty cycle (AD(k)) 


Table 1. FLC rules 


Ea T P-- P- P P+ P++ 
P-- P-- P- P P+ P++ 

P- P-- P- P P+ P++ 

P P-- P- P P+ P++ 

P+ P-- P- P- P P+ 
P++ P-- P- P- P P+ 


3.1.2. Output voltage balance with the phase-shift technique 

The voltage balance of the TLBC capacitors is necessary because it allows the devices with a lower 
voltage rating to operate in high voltage [11]. The phase-shift technique is employed to drive the switch K’ 
with a constant frequency [12]. In perfect conditions, the control signals of the switches K and K’ are 
phase-shifted with 180°. However, the voltage balance of the outputs Vc; and Vc2 is not always ensured. 
Therefore, the PWM signal u; is shifted forward or backward according to the algorithm shown in Figure 4 
until the balance is adequately achieved [25]. 
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Figure 4. Flowchart of the phase-shift technique for the voltage balance 
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3.2. The control strategy the three-phase inverter 

The control scheme of the inverter presented in Figure 5 aims to: Regulation the voltage Vac with an 
intelligent FLC for a correct commutation of the inverter. Controlling the speed @m of the asynchronous 
motor with a cascaded non-linear predictive controller (CNPC). 
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Figure 5. The proposed control strategies for the two-level inverter 


3.2.1. DC-link voltage regulation with an FLC 

The main idea behind the control of the autonomous pumping system is to transform the 
instantaneous extracted power P,, into a mechanical power Pm. By respecting the efficiency of the static 
converters Not, the estimated maximum speed is calculated as [23], [26], 


ON = (NaP | suap j (2) 


py 
Where, Kpump 1s the pump constant. The load torque is calculated with the following expression [26], [27]. 


T, _ K pmpn (3) 

The DC-bus voltage could be regulated by adjusting the speed œ“. When the voltage Vac exceeds its 
reference, the speed should be increased and vice versa [28]. In this work, a Mamdani type FLC is designed 
to adjust this speed, as depicted in Figure 5. The voltage error (€ac=Vac -Vac(k)) and its change of error Aeac 
(Ae€dc=Cdc -Cac(k)) are the two inputs of the FLC, and the incremented speed Aqw2 is the output. The designed 
FLC is constituted with 25 rules presented in Table 2. Moreover, the membership functions Figure 6 of the 
inputs and the output variables are described with the following labels: P++, P+, O, N- and N--. P (N) 
indicates a positive (negative) input/output, and O indicates a zero input/output. 


Table 2. FLC rules 


A@ac 
eo) N-- N- O P+ P++ 
N-- P++ P+ P++ P++ O 
N- P+ P+ P+ O P+ 
O N- N- O P+ P+ 
P+ N- O N- N- N- 
P++ O N- N-- N-- N-- 
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Figure 6. Membership functions, (a) Error eac, (b) Aeac, (c) A@2 
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3.2.2. Cascaded non-linear predictive control 

The objective of the CNPC is to realize a synchronized control of the three variables (speed, flux, 
and torque) with two loops. Each loop is designed with a generalized predictive controller [21], as shown in 
Figure 5. First, an external loop controls the speed; then, the inner loop controls other variables [16], [21]. 
a. Design of the internal loop controller 
The continuous model of the IM in the fixed reference frame (a, P) is given by [17]. 


x= f(x) +9(x)u(t) (4) 


o a T 
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Where, Usa, Usp are stator voltages, isa, isp are Stator currents, and Pra, @rg are rotor fluxes. Others constants are 
defined as, 


L . L,, 1 L 
-1-lea |; K=—"_; y= RIR 
E ja aie a ee 


y 





Where, Tı load torque, Ls, Lr, Lm are stator, rotor, and mutual inductances, p number of poles pair, J inertia 
coefficient, f; friction coefficient, R;, R; are stator and rotor resistances, and T,= LMR: rotor time constant. In 
the inner loop, the rotor flux and the torque are the variables to be regulated. 


yı h, (x) Loa. ee 


The Lie derivatives calculation of the outputs (y1, y2) is given by: 


ro =| ¥(0 v(t) zo) =Y (+G (u(t) (6) 


Where, 


i 0 0 Lh&œ&@ 00 L Lh | 
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The main idea behind the non-linear predictive control is to calculate the optimal vector u(t) which 
minimizes the cost function in (7). The quadratic cost function J to be minimized is defined in a finite time of 
prediction (t+ T,) by, 


1f r 
J=SJO@+r)-y. +r yt+r)-y, (ter) dz (7) 


Employing Taylor series expansion for the output vector y(t) and for the reference output vector y,(t). The 
cost function in (7) can be simplified as [17], [21], 
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The optimal control vector u(t) is given by [21], 


iiu=0 >  u)=[GI (TG, (x)| EA (0-YO] (9) 


b. Design of the external loop controller 

The external loop is a simple predictive controller that controls the speed @m by generating the 
optimal torque T”. The optimal control law is deduced from the cancellation of the tracking error defined 
by [21], 


o(t+t,)-@ (t+t,)=0 (10) 


~ o(t) HT ©-=7,(0) and @'(t+T,)=0'(t)+T, 0 “(t) 


g 


Where, œ(t+t,)=@l(t)+t,(- 
The optimal electromagnetic torque is deduced from (10). 


T,,,(t) = =o) -o (1) + falt)+ Jo AHTO (11) 


? 


4. SIMULATION RESULTS AND ANALYSIS 

In order to assess the performance of the developed controllers, some simulations are carried out 
with a dynamic insolation profile, as shown in Figure 7(a). The irradiance profile is varied over a wide range 
to evaluate the robustness of the proposed controllers. At the beginning, the insolation changes linearly from 
800W/m2 to 400W/m?, thereafter, it is increased from 400W/m2 to 1000W/m?2. The developed control scheme 
is compared with the conventional one (fixed step size IC algorithm for MPPT, and field-oriented control to 
drive the asynchronous motor). The basic parameters of the studied system are given in Table 3. 

At first, the PV power controlled with the modified IC algorithm is compared to the PV power 
controlled with the conventional IC. To reconcile between the tracking speed and the rate of power 
oscillations a medium fixed step size AD=5x10~% is chosen. Figure 7(b) exhibits the improvement of the 
extracted power with the modified version of the IC algorithm in terms of convergence speed toward the 
MPP and the reduction of oscillation amplitude around this point, as well as, the adaptive IC provides high 
accuracy of power tracking during steady state. With the proposed MPPT, the tracking speed becomes faster 
especially at the starting, the starting setting time for the modified IC is about 0.35s and 0.7s for the 
conventional IC. Table 4 summarizes the main PV power data in terms of the average steady-state power 
(Avg. Pow.) and the amplitude of oscillations around the MPP (Pow. Osc.). For the classical IC, the accuracy 
of power tracking is deteriorated at the lowest irradiances, in on the other hand, for the modified IC the 
accuracy in steady-state is increased by 10.8% and 6.38% under 400W/m? and 450W/m2, respectively. 

On the other side, analyzing the DC-bus voltage curve, it can be noticed that the voltage Vac stills 
close to its reference, as depicted in Figure 7(c). Furthermore, Figure 7(d) demonstrates that the capacitor 
voltages are always balanced even in a rapid change of insolation level. From the same figure, it is found that 
the instantaneous absolute error between the two voltages is always less than 0.4V (IV c1-Vc2l<0.4V). 


Table 3. The basic parameters of the studied system 
Parameter Value 
Optimal power at STC (25 C 


PV Generator and 1000W/m?) 2.4Kw 
Nominal power 2.2Kw 

Asynchronous Nominal speed 150rad/s 
Motor Line to line voltage 230V 
Nominal rotor flux 0.6Wb 
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Table 4. Comparison study between the two MPPT techniques 








800 400 450 700 650 1000 

Avg. Pow. Avg. Pow. Avg. Pow. Avg. Pow. Avg. Pow. Avg. Pow. 
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Figure 7. Simulation results, (a) Irradiance, (b) PV power, (c) DC-link voltage, (d) Voltages of capacitors 


It can be seen from the speed waveforms in Figure 8(a) that the CNPC lets the AM follows the 
trajectory of the reference speed with an excellent dynamic. In contrast, the speed controller based on FOC 
takes more time to reach the desired speed. The internal CNPC loop generates the optimal control law which 
minimizes the torque error; for this reason, the NPC controller provides the best transient torque response and 
the torque ripples are minimized by 50% for some irradiations, as shown in Figure 8(b). On the other hand, 
Figure 8(c) demonstrates that the inner loop controller lets the rotor flux stuck to its reference; this ensures an 
ideal decoupling between the flux and the torque. Conversely, it can be observed from the same figure that 
the FOC presents a partial decoupling between the torque and the flux in transient conditions because the 
module of the rotor flux is slightly affected. 

Since the modified IC tracks the MPP accurately and the IM performs with high performances with 
the proposed controllers, then the output hydraulic power is improved. A comparison summary in terms of 
the hydraulic power is presented in Figure 8(d). It can be observed from this figure that the hydraulic power 
is increased by 23.3% for the non-conventional control scheme during the starting period, the significant 
improvement of the hydraulic power during this period is due to the short setting time of the PV power to 
reach the optimal power and the fast response of the AC machine. For the remainder of the intervals, the 
lower PV power fluctuation and the better dynamic in steady state of the IM make the proposed control 
scheme the best in terms of power improvement, by having an improvement range of 2% to 10% in steady 
State. 
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Figure 8. The motor pump parameters, (a) Rotor speed, (b) Electromagnetic torque (c) Rotor flux, 
(d) Hydraulic power 


5. CONCLUSION 

An improved control strategy for a batteryless pumping system has been proposed in this 
contribution. A modified version of the IC method with a variable step size was suggested for MPPT. The 
CNPC was employed to control the asynchronous motor. A Mamdani type FLC was used to achieve the DC- 
link voltage regulation. Besides, the phase-shift technique was suggested to balance the voltage capacitors of 
the TLBC. The performances of the modified IC algorithm have been found better than those of the classical 
IC algorithm. It is found that convergence speed toward the maximum power point was increased two times 
at the starting with the FLC-MPPT, the power fluctuations were decreased by up to 20 times low irradiances. 
On the other side, the CNPC showed better performances than the conventional FOC, such as a fast dynamic 
of the speed, reduced torque ripples, and an ideal decoupling between the torque and the flux. Finally, the 
DC-link voltage is regulated and balanced, which ensures the proper operation of the TLBC and the three- 
phase inverter. Since the overall results indicated high performances for the unconventional control scheme, 
then the average hydraulic power was increased from 2% to 23.3% in the different irradiances. In the future 
work, a multilevel inverter will be used to reduce the voltage stress on the power devices as well as to reduce 
electromagnetic torque ripples. In addition, advanced methods based on artificial intelligence will be 
implemented to further improve the efficiency of the induction machine. 
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